1. The PKa of the phenolic hydroxy group of the Tyr(3NO2)-237 residue in pig heart [Tyr(3NO2)37]lactate dehydrogenase is 7.2 in the apoenzyme, 7.4 in the enzyme-NADH complex and 7.8 in the enzyme-NADH-oxamate complex. The alkaline shift from apoenzyme to ternary complex is ascribed to the approach of the Glu-107 residue during the movement of the polypeptide loop residues 98-110. There are as yet few enzymes in which the rate of a catalytic step can be assigned to a defined change in the three-dimensional structure of the enzyme protein. Lactate dehydrogenase crystallizes in two distinct structures (the apo-and ternary structures), which differ by up to 1.3 nm in the position of a loop of polypeptide chain (residues 98-110) over the entrance to the active site. In the apo-structure the loop extends out into the solvent; in the ternary complex it covers the active site and prevents the entry or release of the coenzyme (for the original references see Holbrook et al., 1975) . Since the enzyme binds coenzyme in one redox state and releases it in the other, it follows that a change in the conformation of the loop of polypeptide chain must take place twice for each molecule of substrate that is transformed by the enzyme.
1. The PKa of the phenolic hydroxy group of the Tyr(3NO2)-237 residue in pig heart [Tyr(3NO2)37]lactate dehydrogenase is 7.2 in the apoenzyme, 7.4 in the enzyme-NADH complex and 7.8 in the enzyme-NADH-oxamate complex. The alkaline shift from apoenzyme to ternary complex is ascribed to the approach of the Glu-107 residue during the movement of the polypeptide loop residues 98-110. 2. The affinities of the nitrated enzyme for NADH and for oxamate (in the presence of NADH) are slightly less than those of the native enzyme. The turnover number for the nitrated enzyme in the pyruvate-to-lactate direction is about 0.75 of the value for the native enzyme. 3. Temperature-jump relaxation experiments of the enzyme saturated with NADH but fractionally saturated with oxamate are interpreted to show that the PKa of the nitrotyrosine residue responds to a protein rearrangement after oxamate binds to the binary enzyme-NADH complex. 4. Transient-kinetic experiments show the environment of the Tyr(3NO2)-237 residue in the enzyme-NADH-pyruvate complex of the steady state to be similar to that in the enzyme-NADH-oxamate inhibitor complex.
There are as yet few enzymes in which the rate of a catalytic step can be assigned to a defined change in the three-dimensional structure of the enzyme protein. Lactate dehydrogenase crystallizes in two distinct structures (the apo-and ternary structures), which differ by up to 1.3 nm in the position of a loop of polypeptide chain (residues [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] over the entrance to the active site. In the apo-structure the loop extends out into the solvent; in the ternary complex it covers the active site and prevents the entry or release of the coenzyme (for the original references see Holbrook et al., 1975) . Since the enzyme binds coenzyme in one redox state and releases it in the other, it follows that a change in the conformation of the loop of polypeptide chain must take place twice for each molecule of substrate that is transformed by the enzyme.
Abbreviations used: symbols used for modifications of lactate dehydrogenase and of amino acid residues are in accordance with IUPAC-IUB Recommendations [Biochem. J. (1967) 104, 17-19; Biochem. J. (1972) 126, 773-7801; S-Lac-NAD+, oxidized (3S)-5-(3-carboxy-3-hydroxypropyl)nicotinamide-adenine dinucleotide (Grau et al., 1978 
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It would be desirable if the rate of movement of the polypeptide chain could be directly detected and correlated with a known rate of a step in the catalytic mechanism. Since these rates are rapid, it is necessary to introduce a reporter group into the protein. The loop itself has so far defied specific chemical modification, but Jeckel et al. (1971) have described the specific nitration of a tyrosine residue, now known to be Tyr-237 Kiltz et al., 1977) . This residue is at the surface of the protein in the region that is covered by the loop in the ternary complex. This residue, and the Glu-107 residue (on the loop), are conserved in all known sequences of the enzyme. The three-dimensional structures show the distance between the phenolic hydroxy group of the tyrosine residue and the carboxy group of the Glu-107 residue decreases from 0.85 nm in the structure of the dogfish apoenzyme to 0.45 nm in that of the pig H4 enzyme-S-Lac-NAD+ complex (Fig. 1) . We expected that the increase in acidity due to the approach of the Glu-107 residue would raise the PKa of the Tyr(3NO0)-237 residue to give yellow absorbance changes and thus rapidly respond to the position of the loop and enable kinetically observed isomerization rates to be compared to rates of change between defined structures. Eventoff et al., 1977) .
Experimental
Pig heart H4 lactate dehydrogenase was prepared by affinity chromatography on oxamate-agarose as modified by . The enzyme was nitrated with tetranitromethane (Serva, Heidelberg, Germany), and the degree of nitration was determined as described by Jeckel et al. (1971) with the exception that any inactive over-nitrated enzyme was removed by repeating the affinity chromatography on oxamate-agarose. The degree of nitration was 0.9-1 mol of nitrotyrosine/mol of subunits (Mr 36000). The very simple 1H n.m.r. difference spectrum in the aromatic region shows that only one proton is lost and confirms that the modification does not alter the interaction of any other side chains in either the apoenzyme or the binary complex with NADH. The specific activity of the nitro-enzyme with 0.13 mM-NADH and 1 mMpyruvate at pH7.2 at 25°C was 275,mol/min per mg (compared with 360,umol/min per mg for the native enzyme with 0.3mM-pyruvate). NADH and NAD+ were from Boehringer, Mannheim, Germany, and were purified by column chromatography as described by Holbrook & Wolfe (1972) .
The modified dipeptide Boc-Glu-(3NO0)Tyr was prepared from the non-nitrated dipeptide (E. Merck, Darmstadt, Germany) by treatment with a 2-fold excess of tetranitromethane for 30min in 0.1M-sodium pyrophosphate buffer at 250C. The yellow peptide was recovered by filtering the reaction mixture through a column of Sephadex G-25 in 20 mM-NaCl.
The tryptic-digest peptide containing the nitrotyrosine residue from the nitro-enzyme (used for pK determinations) was prepared by incubating the denatured nitro-enzyme (20mg) at 250C with trypsin (2 mg) added as 1 mg portions at 0 and 3 h in a 21 h digestion. The solution was centrifuged at 200000g, and the yellow peptide was isolated by filtering the supernatant through a column of Sephadex G-50 in 5 mM-sodium phosphate/20 mMNaCl buffer, pH6.4.
The equilibrium binding of NADH to the nitroenzyme was followed from the decrease in protein fluorescence measured, corrected for geometric quenching, and analysed for a single dissociation constant by the method of Holbrook (1972) . The buffers were 20 mM-sodium phosphate buffer, pH 6.5, and 20 mM-sodium pyrophosphate buffer, pH 8.5.
The equilibrium binding of oxamate to E-NADH (enzyme-NADH complex) was evaluated by determining the apparent dissociation constant (Kapp ) for NADH binding (as described for the binary complex above) in solutions containing 0-22,uM-oxamate at pH 6.5 and 0-20mM-oxamate at pH 8.5. The plots of 1/Kapp. versus [oxamate] were linear, and KE-NADH,oxamate was obtained from the equation (Holbrook & Stinson, 1973) :
For the van't Hoff plot to determine AH, the binding of oxamate was directly measured by titrating an oxamate solution into a solution of the nitro-enzyme (18,uM) and NADH (4.6,UM) while the decrease in fluorescence of the NADH was monitored (excitation wavelength 340nm; emission measured with Kodak no. 98 filter, as described by Holbrook & Stinson, 1973) . The temperature was varied from 25 to 10.5 0C and the buffer was 0.1 M-sodium phosphate, pH 7.0. The plot was used to interpolate the dissociation constant of oxamate from the ternary complex at the temperature of the temperature-jump experiments.
The relaxation of the transmission of the nitroenzyme at 428 nm was measured in a temperature-jump apparatus designed by L. DeMaeyer and constructed by Messanlagen (G6ttingen, Germany) in which a 0.05,uF capacitor at 17 kV was discharged through 2 ml of solution of enzyme, NADH and oxamate in 0.1 M-sodium phosphate buffer, pH 7.0. The temperature increased by 70% of its final value in less than lOus. The solutions were initially at 190 C and the temperature increase was about 4°C. The enzyme concentration varied from 20 to 150pM, the NADH concentration was 0.3mm and the oxamate concentration was varied from 15 to 300,UM. The high concentration of NADH ensured that the enzyme was saturated with NADH at all times. The initial concentrations of the enzyme-NADH complex and the concentrations of free oxamate were calculated from the dissociation constants reported in the present paper. In all 1024 values of the transmission at 428nm were acquired at 5,us intervals by a Datalab DL905 transient recorder. The time constant was usually 20,us. After each discharge the solution was cooled and the discharge was repeated, and the results from 10-20 experiments were averaged. The results were transferred via magnetic tape to a Cromemco Z-2 computer and were analysed by a non-linear least-squares fit (Marquardt, 1963) to either a single-exponential or a double-exponential decay. Under the conditions described for Fig. 3 neither the apoenzyme nor the enzyme-NADH complex showed relaxation rates less than 0000 s-1.
The rapid-mixing experiments used a dual-beam stopped-flow spectrophotometer of light-path lcm with dead time 2.4 ms (Shore et al., 1975) at room temperature.
The views of lactate dehydrogenase in Fig. 1 kindly prepared by Dr. Graeme Wistow using the Evans & Sutherland Picture System II at the Department of Crystallography, Birkbeck College, University of London, London, U.K., by using the algorithm FRODO (Jones, 1978;  300M-lcm-' ).
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The difference spectra show no wavelength shifts and appear to reflect the proportion of the nitrotyrosine residue that exists as nitrotyrosinate (Jeckel, 1976) . The inhibitor oxamate is an isoelectronic and isosteric analogue of the substrate pyruvate. In a similar experiment we observed that the absorbance at 428nm of a 42pM enzyme solution at pH6.4 decreased 0.03 in a titration in which the enzyme was converted into E-NAD+-oxalate complex by the addition of 87,pM-NAD+ and 120,uM-oxalate.
Differences in acidic dissociation constant were directly observed by varying the pH of a solution of the nitro-enzyme or its complexes and recording the change in absorbance at 428nm (Fig. 2) . Under these conditions the dissociation constants of the nitro-enzyme for NADH and for oxamate (see below) predict that the enzyme remains saturated at all pH values and the pH for half-maximum absorbance change will correspond to the pK of the nitrotyrosine residue. Indeed the same pK was observed when the oxamate concentration in the Comparison of the crystal structure of the dogfish apo-(lactate dehydrogenase) and that of the pig enzyme-S-Lac-NAD+ ternary complex shows that the Glu-107 residue (on the loop) is about 4nm closer in the ternary complex than in the apoenzyme.
KE,NADH was 1.8,UM at pH6.5 and 3.6,UM at pH 8.5. The decrease in affinity with pH of 2-fold is similar to the 2.5-fold decrease observed with the native enzyme, although the absolute affinities are about 3-fold weaker (Lodola et al., 1978) . From an experiment with the nitro-enzyme similar to that of Fig. 10 in Lodola et al. (1978) (where the protein fluorescence of solutions of enzyme and NADH are measured as the pH is increased from 5.9 to 10.5), the PK. of the His-195 residue in the E-NADH complex was observed to be 7, similar to that with the native enzyme. As with the native enzyme, the affinity of the nitro-enzyme for NADH decreased rapidly with an alkaline pK of 9.7, i.e. well above the pK of the nitrotyrosine-to-nitrotyrosinate dissociation.
KE-NADH oxamate was 6pM at pH6.5, 30,M at pH7.2 and 1.7mM at pH8.5. The very great decrease in affinity above the pK of the His-195 residue is similar to that with the native enzyme. The change in KE-NADH,oxamate with temperature was used to construct a van't Hoff plot, and this suggested that it might be possible to use relaxation of equilibria perturbed by a jump in temperature to determine the rapid rate of change in the environment of the Tyr(3NO)-237 residue when oxamate binds to the E-NADH complex. Fig. 3 shows the change in absorbance at 428nm after the equilibrium E-NADH + oxamate = E-NADH-oxamate was perturbed by a rapid jump in temperature from 190C. The conditions of the experiment are such that the enzyme is saturated with NADH, and the observed increase in absorbance (decrease in percentage transmission) is due to the above equilibrium shifting to a new position further to the left. Most of the curve is described by a single exponential with a relaxation time of 1860s-1. Fig. 3 relates the relaxation time to [E-NADHIf+ [oxam- atelf. (Shore et al., 1975) show that loop closure is faster than 103s-, whereas the n.m.r. experiments performed by show that the loop k,,I
k+ 2 E-NADH + oxamate k v E-NADH-oxamate k \ E*-NADH-oxamate k-,~~~~~~~~k-2 was used to describe the results and predicts (Czerlinski, 1966 ) the slower of two relaxation times to be:
In some experiments the faster relaxation was observed (in the range 4000-20000 s-1), but was too close to the electronic disturbance caused by the high-voltage heating transient, and to the time constant, to be evaluated reliably. The fit of the experimental points to the model was obtained with the restriction that the overall equilibrium constant was the experimental value of 30pM and was k_,/k+1=0.156mM, k-2=580s-' and k+2= 3020 s-1. Our results are not the same as those reported by Heck (1969) . In a temperature-jump study of the binding of oxamate, but monitored by the decrease in the fluorescence of NADH on going from the binary to the ternary complex in 0.3 M-NaCl, Heck (1969) concluded that the binding was bimolecular. An explanation of the difference might be that the nitrotyrosine residue was specifically designed to monitor polypeptide loop closure, whereas Heck (1969) monitored a change in the electronic structure of bound NADH. Alternatively, it might be noted that Heck (1969) reported that there was only a small decrease in the affinity of the E-NADH complex for oxamate between pH 6 and pH 8, whereas others (Winer & Schwert, 1959; Holbrook & Stinson, 1973) , with the same system, observe a 10-fold decrease over that same pH range. The abscissae of plots such as Fig. 4 require an accurate value of KE-NADH oxamate for their calculation.
Equally, Heck (19695 did not make measurements at rates above 1000s-1: the approach to rate saturation in Fig. 4 is not visible at such low rates. Trommer & Gloeggler (1979) The environment around the Tyr-237 residue becomes more acid under conditions that are predicted to stabilize inhibitor complexes in which the loop (residues 98-1 10) is close to the enzyme surface. Does that residue experience the same environment in the active ternary complex of the enzyme? The steady-state complex of the native enzyme in the reverse direction is a ternary complex E-NADH-pyruvate, which slowly isomerizes to the active temary complex before being rapidly con- Fig. 5b ). When that experiment is monitored by absorbance at 428 nm with the nitro-enzyme (Fig. 5a) 
